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Abstract: Pre-concentration is essential for energy and resource recovery from municipal wastewater.
The potential of forward osmosis (FO) membranes to pre-concentrate wastewater for subsequent
biogas production has been demonstrated, although biofouling has also emerged as a prominent
challenge. This study, using a cellulose triacetate FO membrane, shows that chloramination
of wastewater in the feed solution at 3–8 mg/L residual monochloramine significantly reduces
membrane biofouling. During a 96-h pre-concentration, flux in the chloraminated FO system
decreased by only 6% and this flux decline is mostly attributed to the increase in salinity (or osmotic
pressure) of the feed due to pre-concentration. In contrast, flux in the non-chloraminated FO system
dropped by 35% under the same experimental conditions. When the feed was chloraminated,
the number of bacterial particles deposited on the membrane surface was significantly lower
compared to a non-chloraminated wastewater feed. This study demonstrated, for the first time,
the potential of chloramination to inhibit bacteria growth and consequently biofouling during
pre-concentration of wastewater using a FO membrane.
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1. Introduction

Anaerobic treatment is a promising platform for simultaneous wastewater treatment and biogas
production [1–3]. The anaerobic process transforms organic constituents in wastewater to methane gas,
which can be used as a renewable fuel to offset the energy footprint of wastewater treatment [4]. Because
the typical concentration of organic matter in municipal wastewaters is too low for anaerobic biological
treatment, pre-concentration of wastewater (e.g., by 10-fold) is necessary for successful implementation
of this process [1]. Studies have demonstrated the potential of forward osmosis (FO) as an effective
technology for pre-concentrating wastewater for subsequent anaerobic treatment [5–9]. In the FO
process, clean water is drawn from the feed solution (FS), which has a low osmotic pressure, through a
semipermeable FO membrane to the draw solution (DS), which has a high osmotic pressure. The FO
membrane effectively retains most organic constituents [10–12], leading to the pre-concentration of the
feed wastewater.

FO is typically operated at a lower flux than the high pressure membrane process (e.g., reverse
osmosis); thus, the propensity for membrane fouling is low [11,13–16]. Due to the complexity of
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wastewater with high organic matter and microbial contents, membrane fouling remains a major
obstacle for sustainable pre-concentration of wastewater using FO. Previous studies have shown
that organic matter and microbes in wastewater can readily deposit on the FO membrane surface,
which ultimately reduces water flux [17–25]. As a result, fouling control is the key to successful
pre-concentration of wastewater for FO treatment. Fouling control of a membrane process can
be performed by physical and/or chemical membrane cleaning [26]. Physical cleaning includes
hydraulic or air scouring with high shear force [27–29], osmotic backwashing by a reverse permeate
flow [30], and ultrasonication [31,32]. Physical cleaning can be effective during the early stages of
biofouling [30], but it is less so after the occurrence of severe fouling [33,34]. Chemical cleaning
to remove foulants through the use of chemical reagents is an effective approach to address more
permanent or irreversible membrane fouling [35]. Typical reagents for chemical cleaning of cellulose
triacetate (CTA)-based FO membranes include ethylenediaminetetraacetic acid (EDTA), sodium
hydroxide, and sodium hypochlorite [30,36]. Frequent chemical cleaning can deteriorate performance
of any membranes in terms of solute rejection and water permeability and shorten membrane
life-time [37]. The pre-concentration of wastewater is likely to undergo severe membrane fouling due
to high organics and bacteria contents in the feed, so a fouling mitigation strategy is needed for its
effective operation.

A potential approach for mitigating FO membrane fouling is continuous disinfection of the
FS (i.e., wastewater) to inhibit microbial activity and alleviate biofouling. Xue et al. [38] reported
that continuous chlorination of wastewater effectively slowed the fouling of the FO membrane.
Despite the advantage of chlorination as a strong disinfection process, maintaining free chlorine
in wastewater requires high doses of chlorine. This is because chlorine is highly reactive and can react
with other constituents in wastewater. Thus, free chlorine in wastewater can only be achieved after
the chlorine dose has exceeded breakpoint chlorination. In contrast to chlorine, monochloramine is
a weaker but more stable disinfectant. The process of disinfection using monochloramine is known
as chloramination, which can be readily achieved using a lower chlorine dose (usually in the form of
sodium hypochlorite) to react with free ammonia in raw wastewater. Chloramination is commonly
used for water recycling applications using a polyamide (PA)-based thin film composite reverse osmosis
(RO) membrane [39]. Chloramine is a weak oxidant, and chloramination is an effective biofouling
mitigation approach without degrading even PA-based membranes. As a result, chloramination can be
applied to both PA and CTA RO membranes. It was hypothesised that chloramination can inactivate
bacteria and alleviate membrane biofouling [40,41]. No previous studies have evaluated the effect of
chloramination on membrane fouling mitigation in pre-concentrating municipal wastewater using
FO membranes.

This study aimed to evaluate the effectiveness of chloramination on fouling mitigation during
pre-concentrating municipal wastewater using a CTA FO membrane. Wastewater and artificial
seawater were used as the FS and DS, respectively. Chloramination was performed by maintaining
monochloramine at 3–8 mg/L in FS. Pre-concentration of wastewater was conducted with or without
chloramine, and their fouling levels and membrane morphology were evaluated.

2. Materials and Methods

2.1. Chemicals

Analytical grade chemicals (NaCl, C6H12O6, KH2PO4, NH4Cl, NaOCl, and NaOH) were
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). The draw solution (DS)
was prepared at 3.5% (w/w) NaCl by dissolving NaCl in pure water. Throughout this study, pure water
was obtained by purifying tap water using an RO water generation system (RTA-200W, AS ONE, Osaka,
Japan). Primary wastewater effluent was collected after the primary sedimentation basin proceeded
by grid filtration at a municipal wastewater treatment plant in Nagasaki Prefecture, Japan. The total
organic carbon concentration of the primary wastewater effluent was 24 mg/L. Secondary wastewater
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effluent was collected after activated sludge treatment of the primary wastewater effluent. To accelerate
membrane fouling, the wastewater effluent was fortified to simulate the typical organic and nutrient
content of high strength wastewater. This was achieved by dissolving C6H12O6, NH4Cl, and KH2PO4

to the primary wastewater effluent at 1000, 305.7, and 175.6 mg/L, respectively, to obtain C:N:P mass
ratio of 100:20:10. This primary effluent had a similar ionic composition to that of raw wastewater
but did not contain as much suspended solids as raw wastewater. This approach minimised the
contribution of the deposition of solid particles on the membrane surface. Thus, observed membrane
fouling could be more attributed to the deposition of bacteria and macro-organics on the membrane
surface. A monochloramine stock solution was prepared at about 5000 mg/L by mixing a 0.2 M NH4Cl
solution with a 0.2 M NaOCl solution.

2.2. Membrane Treatment System

Flat sheet CTA FO membrane—namely FSB-CTA—was supplied by Fluid Technology Solutions,
Inc. (Albany, OR, USA). Unlike polyamide, CTA can be resistant to both chlorine and chloramine. Thus,
the CTA FO membrane was selected for extended chloramine exposure and permeance stability for
long-term use. For each test, a new CTA FO membrane sample was used. Prior to each experiment,
each membrane sample was thoroughly cleared with pure water. The FO membrane set in an acrylic
membrane cell (C10-T, Osaka, Nitto Denko, Japan) had an effective membrane area of 60 cm2. We used
two bench-scale FO systems (Figure 1). The FO system included two diaphragm (membrane) pumps
(DCP 8800, Aquatec International, Inc., Irvine, CA, USA) to feed DS and FS solutions, a digital balance
(EK-4100i, A&D Company, Tokyo, Japan) to measure the weight of the DS solution, an electromagnetic
metering pump (EH-B10VC, IWAKI, Tokyo, Japan) with a control unit for controlling NaCl concentration
in the DS, two Styrofoam reservoirs (AS ONE, Osaka, Japan), a low temperature circulator (NCB 2500,
EYELA, Tokyo, Japan), and two conductivity meters (AS710, AS ONE, Osaka, Japan).
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Figure 1. Schematic diagram of the forward osmosis (FO) system.

2.3. Experimental Protocol

Each experiment started with pure water flux measurement using pure water in FS and artificial
seawater (3.5% NaCl) in DS for 3 h. Thereafter, to confirm stable FO operation, they were operated
using the same FS and DS for over 12 h. Prior to the FO treatment test, FS and DS were replaced
with 10 L of wastewater and 1 L of new artificial seawater (3.5% NaCl), respectively. During each FO
treatment test, the cross flow rate in both FS and DS were maintained at 0.5 L/min, which corresponded
to the cross flow velocity of 0.16 and 0.24 m/s in FS and DS, respectively. The temperatures of FS and
DS were maintained at 20 ◦C. Solution pH in the FS was adjusted to approximately 7.5. Conductivity
in DS was also maintained at the initial value by automatically dosing the NaCl stock solution using
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a chemical dose control system. Monochloramine concentration in FS was adjusted every 12 h to
maintain a monochloramine concentration of 3–8 mg/L. The tests were conducted for up to 96 h,
which was determined to maintain a sufficient volume of feed in the FS reservoir. After 96 h, the pure
water flux was measured again using pure water. Surface flushing in FS was applied using pure water
at a cross flow rate of 2 L/min for 0.5 h. Pure water flux after the surface flushing was measured using
pure water.

2.4. Analysis

The concentration of monochloramine in water samples was measured using a portable
colorimeter (DR900, Hach, Loveland, CO, USA) with monochlor F reagent pillows. A pH meter
(SK-620PH, Sato Keiryoki Mfg. Co., Tokyo, Japan) was used to measure the pH of the FS. Surface
images of the FO membrane were attained using a scanning electron microscope (SEM) (Tabletop
Microscope TM3030Plus, Hitachi High-Technologies, Tokyo, Japan). Bacterial counts in feed solutions
were determined using a fluorescence microscope (Shibasaki, Inc., Chichibu, Japan). Each sample was
first diluted 200–20,000 times using microfiltration (MF) membrane-treated pure water. Thereafter,
1 mL of the diluted sample was filtered using a track-etched polycarbonate MF membrane with a
0.2 µm pore size (Meric, Tokyo, Japan). After staining, the bacterial number deposited on 40% of
the filter surface area was measured. Total bacterial counts (both viable and nonviable bacteria)
were measured by staining with 4′-6-diamidino-2-phenylindole (DAPI) dye (Thermo Fisher Scientific,
Waltham, MA, USA). Viable bacterial counts were calculated by deducting counts of dead (inactivated)
bacteria determined by staining with 3,6-bis(dimethylamino)acridine hydrochloride solution (Dojindo
Laboratories, Kumamoto, Japan) from total bacterial counts.

3. Results

3.1. Effect of Chloramination

The effect of chloramination in FS on fouling was evaluated by pre-concentrating wastewater
via FO with and without chloramination for 96 h. Each test was conducted twice to ensure adequate
reproducibility. Overall, a clear difference in the flux profile was observed (Figure 2). The water flux of
the non-chloraminated FO system decreased steeply from 6.4 to 4.6 L/m2 h from 24 to 48 h during the
first test. At the end of the experiment (after 96 h), the flux was 4.1 L/m2 h, representing a 35% flux
reduction. In contrast, the water flux of the chloraminated FO system only decreased slightly from 6.4
to 6 L/m2 h over the same period and the overall flux reduction was 6% during the first test. A similar
trend in flux reduction was observed in the replicate experiments (i.e., second test) (Figure 2).
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Feed pH in the non-chloraminated FO system decreased considerably over the first 48 h possibly
due to the increased carbon dioxide concentrations caused by bacterial growth. Thus, the feed pH
in the non-chloraminated FO system was frequently adjusted by dosing with NaOH stock solution.
In contrast, the feed pH in the chloraminated FO system remained almost constant at above 7 (Figure 3a)
where the dominant species of chloramine was monochloramine. Monochloramine concentration in
the chloraminated FO system was maintained between 3 and 8 mg/L during the 96 h experiment
(Figure 3b). The concentration of monochloramine in the DS was not detected at the end of FO treatment
test in a separate test. Therefore, organics and bacteria in the FS likely consumed most monochloramine
through a scavenging process. Notably, chloramine concentration almost halved 12 h after chloramine
dosing; thus, the impact of monochloramine in FS on the following process (i.e., anaerobic process) was
expected to be low. This will be evaluated on a pilot scale in our future study. Due to the considerable
flux reduction in the non-chloraminated FO system, the cumulative volume of water that permeated
through the FO membrane was less than in the chloraminated FO system. At the end of the experiment,
wastewater with and without chloramination was concentrated by approximately 1.5 and 1.4 times,
respectively (Figure 4). The results here indicate that disinfection using monochloramine can effectively
mitigate membrane fouling during pre-concentration of wastewater using a FO membrane, achieving
a higher concentration in the same period.
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3.2. Mechanisms of Flux Decline

Flux decline observed during pre-concentration of wastewater was attributed to two factors:
(1) reduction in driving force (i.e., osmotic pressure difference between FS and DS) due to the increased
salt concentration in FS, and (2) increased hydraulic resistance caused by the deposition of foulants on
the membrane surface in the FS. The reduction in the driving force can occur during pre-concentration
of wastewater for two reasons: (1) FS is dewatered and concentrated, and (2) back diffusion of
salts from DS to FS. For both chloraminated and non-chloraminated FO systems, conductivity in FS
increased according to the pre-concentration progress. During the first test, the conductivity of both
feed wastewaters increased by approximately 1.8 times from 2.4 to 4.3 mS/cm (Figure 5). The causes of
flux decline were further evaluated by tracking changes in conductivity differences between FS and DS,
which were considered equivalent to the osmotic pressure difference. Flux in the chloraminated FO
system steadily decreased according to the steady decrease in conductivity difference (∆C) (Figure 6),
suggesting that the reduced osmotic pressure difference was likely the main cause of the reduced
flux in the chloraminated FO system. In contrast, the non-chloraminated FO system showed a steep
drop in the early stages (Figure 6). The decreased flux at 96 h (30–35%) was far greater than the
decreased conductivity difference (∆C) (4%). These results suggest that membrane fouling (most likely
biofouling) is the dominating cause of flux decline in the non-chloraminated FO system.
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FO membrane. Conductivity in the draw solution (DS) was maintained at 47 mS/cm for all tests.

The deposition of foulants on the FO membrane was evaluated by membrane surface
characterisation. The cleanliness of the FO membrane surface in the chloraminated FO system was
confirmed through direct visual observation (Figure 7). In contrast, a change in color of the membrane
surface in the non-chloraminated FO system was clearly identified. Further analysis of SEM images
identified that the FO membrane obtained from the chloraminated FO system held negligible amounts
of substances deposited on the membrane surface at any magnification (Figure 8a), which were almost
identical to a virgin FO membrane (image not shown). In contrast, the SEM image of the FO membrane
attained from the non-chloraminated FO system revealed the formation of a cake layer with some
cracks at a magnification of 100×. Other SEM images at 1000 and 5000×magnification also showed a
deposition of many spherical particles of approximately 4 µm in diameter, which were likely spherical
bacteria (e.g., coccus) (Figure 8b).
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Figure 7. Photos of FO membrane surface (FS side) after 96 h of operation in the first pre-concentration
test using primary wastewater effluent: (a) chloraminated and (b) non-chloraminated.

To evaluate the impact of bacteria in the FS on membrane fouling, counts of dead and alive
bacteria were measured every 24 h. Overall, bacterial counts in the non-chloraminated FO system were
higher than in the chlorinated FO system in all experiments. For example, dead bacterial counts in
the non-chloraminated FO system increased by almost 240 times, from 4 × 106 to 1 × 109 counts/mL,
at the end of the first test (Figure 9). Similarly, alive bacterial counts in the non-chloraminated FO
system increased according to the progress of the FO treatment. The increase in bacterial counts
from 24 to 48 h was considerable, which was in line with the steep decrease in flux, as observed
in Figure 2. Bacterial counts at the later stage of the second pre-concentration test considerably
decreased after 72 h (Figure 9b). This may be attributed to the depletion of nutrients in the FS
of the non-chloraminated FO system and bacteria inactivation. In fact, the flux did not recover
after 72 h (Figure 2). In contrast, over the same test period, dead and alive bacterial counts in
the chloraminated FO system showed a minor change from 6 × 106 to 2 × 107 counts/mL and
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2 × 106 to 6 × 105 counts/mL, respectively, during the first test. Bacteria produce extracellular
polymeric substances composed of polysaccharides and proteins, and they have been frequently
reported to cause major membrane biofouling in wastewater treatment [42]. Although there is no
direct evidence that these dead bacteria contributed to membrane fouling, the large difference in
bacterial counts in the FS (Figure 9) and on the membrane surface (Figure 8) between chloraminated
and non-chloraminated FO indicate that bacterial growth could be the major cause of membrane
fouling in the pre-concentration of wastewater. In addition, the results indicated that membrane
biofouling during wastewater pre-concentration could be minimised by applying chlorination to the
feed solution. Further research is recommended to quantify the contribution of bacterial deposition to
membrane fouling.Int. J. Environ. Res. Public Health 2018, 15, x 8 of 12 
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Figure 9. Dead and alive bacterial counts in the chloraminated and non-chloraminated FO systems
during the (a) first and (b) second pre-concentration tests using primary wastewater effluent. Error bars
show the standard deviation of two replicate experiments.

3.3. Fouling Reversibility

Fouling reversibility was evaluated by measuring the pure water flux before and after the
FO treatment of wastewater, and surface flushing during the second test of this study. In the
non-chloraminated FO system, the FO treatment of the wastewater caused a flux reduction from
6.9 to 5.7 L/m2 h (Figure 10). The following surface flushing at a cross-flow rate of 2 L/min applied for
0.5 h only resulted in a slight flux recovery to 5.9 L/m2 h from 5.7 L/m2 h. These results suggest the
presence of a biofilm layer on the membrane surface. Unlike organic and colloidal fouling, this form of
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fouling is not readily reversible by physical surface flushing. With chloramination, the flux only slightly
reduced from 6.9 to 6.4 L/m2 h, representing a 6% flux decrease (Figure 10). A similar observation can
be made for the chloraminated FO system, as surface flushing at a cross-flow rate of 2 L/min did not
result in any discernible flux recovery. Similar reversibility was also confirmed with a separate test
using the secondary wastewater effluent (Figure S1). These results highlight the importance of fouling
prevention by chloramination as biofouling cannot be controlled by hydraulic flushing.
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Figure 10. Pure water flux before and after membrane fouling, and surface flushing at the second test
using primary wastewater effluent.

4. Conclusions

The efficacy of chloramination on biofouling mitigation of a cellulose triacetate FO membrane
during pre-concentration of wastewater was demonstrated. Without chloramination, pre-concentration
of wastewater by FO for 96 h resulted in a 35% flux reduction. In contrast, chloramination with a
residual monochloramine of 3–8 mg/L in the FS led to a flux reduction of only 6% and this flux
reduction was attributed to the increase in feed solution salinity. SEM analysis showed that the
FO membrane surface in the chloraminated FO system had less deposition of bacteria-like particles.
Bacterial counts also confirmed that the FS in the chloraminated FO system resulted in less bacterial
deposition on the membrane surface. Overall, this study demonstrated that chloramination can inhibit
bacterial growth during pre-concentration of wastewater using a FO membrane, effectively mitigate
biofouling. Because the continuous addition of chloramine to the FS causes an increase in capital and
operating costs, economic evaluation at the pilot-scale is required to scale up to a full-scale system.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/10/2124/
s1, Figure S1: (a) Changes in flux during the pre-concentration of secondary wastewater effluent by FO membrane
with and without chloramination, and (b) pure water flux before and after membrane fouling, and surface flushing.

Author Contributions: T.F. conceived and oversaw experimental design, and prepared the initial draft of this
manuscript; K.H.N. and A.T.H. performed the experiments; T.U. contributed experimental tools; H.Y., M.T. and
L.D.N. participated in experimental design, data interpretation, and manuscript preparation.

Funding: This project was funded by Gesuido Academic Incubation to Advanced Project of the Ministry of Land,
Infrastructure, Transport and Tourism, Japan.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ansari, A.J.; Hai, F.I.; Price, W.E.; Drewes, J.E.; Nghiem, L.D. Forward osmosis as a platform for resource
recovery from municipal wastewater—A critical assessment of the literature. J. Membr. Sci. 2017, 529, 195–206.
[CrossRef]

2. Ansari, A.J.; Hai, F.I.; Guo, W.; Ngo, H.H.; Price, W.E.; Nghiem, L.D. Selection of forward osmosis draw
solutes for subsequent integration with anaerobic treatment to facilitate resource recovery from wastewater.
Bioresour. Technol. 2015, 191, 30–36. [CrossRef] [PubMed]

http://www.mdpi.com/1660-4601/15/10/2124/s1
http://www.mdpi.com/1660-4601/15/10/2124/s1
http://dx.doi.org/10.1016/j.memsci.2017.01.054
http://dx.doi.org/10.1016/j.biortech.2015.04.119
http://www.ncbi.nlm.nih.gov/pubmed/25978854


Int. J. Environ. Res. Public Health 2018, 15, 2124 10 of 11

3. Chen, L.; Gu, Y.; Cao, C.; Zhang, J.; Ng, J.-W.; Tang, C. Performance of a submerged anaerobic membrane
bioreactor with forward osmosis membrane for low-strength wastewater treatment. Water Res. 2014, 50,
114–123. [CrossRef] [PubMed]

4. Appels, L.; Lauwers, J.; Degrève, J.; Helsen, L.; Lievens, B.; Willems, K.; Van Impe, J.; Dewil, R. Anaerobic
digestion in global bio-energy production: Potential and research challenges. Renew. Sustain. Energy Rev.
2011, 15, 4295–4301. [CrossRef]

5. Ansari, A.J.; Hai, F.I.; Guo, W.; Ngo, H.H.; Price, W.E.; Nghiem, L.D. Factors governing the pre-concentration
of wastewater using forward osmosis for subsequent resource recovery. Sci. Total Environ. 2016, 566–567,
559–566. [CrossRef] [PubMed]

6. Ansari, A.J.; Hai, F.I.; He, T.; Price, W.E.; Nghiem, L.D. Physical cleaning techniques to control fouling during
the pre-concentration of high suspended-solid content solutions for resource recovery by forward osmosis.
Desalination 2018, 429, 134–141. [CrossRef]

7. Zhang, X.; Ning, Z.; Wang, D.K.; Diniz da Costa, J.C. Processing municipal wastewaters by forward osmosis
using CTA membrane. J. Membr. Sci. 2014, 468, 269–275. [CrossRef]

8. Onoda, S.; Masumori, Y.; Miyoshi, T.; Yasukawa, M.; Takahashi, T.; Matsuyama, H. Rejection of nutrients
contained in an anaerobic digestion effluent using a forward osmosis membrane. Desalin. Water Treat. 2016,
57, 15748–15758. [CrossRef]

9. Onoda, S.; Masumori, Y.; Miyoshi, T.; Yasukawa, M.; Takahashi, T.; Matsuyama, H. Characteristics of foulants
of forward osmosis membranes used in municipal wastewater concentration processes. Desalin. Water Treat.
2016, 57, 26383–26391. [CrossRef]

10. Nguyen, N.C.; Chen, S.-S.; Yang, H.-Y.; Hau, N.T. Application of forward osmosis on dewatering of high
nutrient sludge. Bioresour. Technol. 2013, 132, 224–229. [CrossRef] [PubMed]

11. Lutchmiah, K.; Verliefde, A.R.D.; Roest, K.; Rietveld, L.C.; Cornelissen, E.R. Forward osmosis for application
in wastewater treatment: A review. Water Res. 2014, 58, 179–197. [CrossRef] [PubMed]

12. Zhang, J.; She, Q.; Chang, V.W.C.; Tang, C.Y.; Webster, R.D. Mining nutrients (N, K, P) from urban
source-separated urine by forward osmosis dewatering. Environ. Sci. Technol. 2014, 48, 3386–3394. [CrossRef]
[PubMed]

13. Aftab, B.; Khan, S.J.; Maqbool, T.; Hankins, N.P. High strength domestic wastewater treatment with submerged
forward osmosis membrane bioreactor. Water Sci. Technol. 2015, 72, 141–149. [CrossRef] [PubMed]

14. Coday, B.D.; Xu, P.; Beaudry, E.G.; Herron, J.; Lampi, K.; Hancock, N.T.; Cath, T.Y. The sweet spot of forward
osmosis: Treatment of produced water, drilling wastewater, and other complex and difficult liquid streams.
Desalination 2014, 333, 23–35. [CrossRef]

15. Luo, W.; Hai, F.I.; Price, W.E.; Nghiem, L.D. Water extraction from mixed liquor of an aerobic bioreactor by
forward osmosis: Membrane fouling and biomass characteristics assessment. Sep. Purif. Technol. 2015, 145,
56–62. [CrossRef]

16. Chung, T.-S.; Luo, L.; Wan, C.F.; Cui, Y.; Amy, G. What is next for forward osmosis (FO) and pressure retarded
osmosis (PRO). Sep. Purif. Technol. 2015, 156, 856–860. [CrossRef]

17. Mi, B.; Elimelech, M. Chemical and physical aspects of organic fouling of forward osmosis membranes.
J. Membr. Sci. 2008, 320, 292–302. [CrossRef]

18. Mi, B.; Elimelech, M. Gypsum scaling and cleaning in forward osmosis: Measurements and mechanisms.
Environ. Sci. Technol. 2010, 44, 2022–2028. [CrossRef] [PubMed]

19. Mi, B.; Elimelech, M. Organic fouling of forward osmosis membranes: Fouling reversibility and cleaning
without chemical reagents. J. Membr. Sci. 2010, 348, 337–345. [CrossRef]

20. Bucs, S.S.; Valladares Linares, R.; Vrouwenvelder, J.S.; Picioreanu, C. Biofouling in forward osmosis systems:
An experimental and numerical study. Water Res. 2016, 106, 86–97. [CrossRef] [PubMed]

21. Chun, Y.; Mulcahy, D.; Zou, L.; Kim, I.S. A short review of membrane fouling in forward osmosis processes.
Membranes 2017, 7, 30. [CrossRef] [PubMed]

22. Park, M.; Lee, J.; Boo, C.; Hong, S.; Snyder, S.A.; Kim, J.H. Modeling of colloidal fouling in forward osmosis
membrane: Effects of reverse draw solution permeation. Desalination 2013, 314, 115–123. [CrossRef]

23. Wang, X.; Zhao, Y.; Yuan, B.; Wang, Z.; Li, X.; Ren, Y. Comparison of biofouling mechanisms between
cellulose triacetate (CTA) and thin-film composite (TFC) polyamide forward osmosis membranes in osmotic
membrane bioreactors. Bioresour. Technol. 2016, 202, 50–58. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.watres.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24374126
http://dx.doi.org/10.1016/j.rser.2011.07.121
http://dx.doi.org/10.1016/j.scitotenv.2016.05.139
http://www.ncbi.nlm.nih.gov/pubmed/27236621
http://dx.doi.org/10.1016/j.desal.2017.12.011
http://dx.doi.org/10.1016/j.memsci.2014.06.016
http://dx.doi.org/10.1080/19443994.2015.1085453
http://dx.doi.org/10.1080/19443994.2016.1165738
http://dx.doi.org/10.1016/j.biortech.2013.01.028
http://www.ncbi.nlm.nih.gov/pubmed/23411452
http://dx.doi.org/10.1016/j.watres.2014.03.045
http://www.ncbi.nlm.nih.gov/pubmed/24762551
http://dx.doi.org/10.1021/es405266d
http://www.ncbi.nlm.nih.gov/pubmed/24564179
http://dx.doi.org/10.2166/wst.2015.195
http://www.ncbi.nlm.nih.gov/pubmed/26114282
http://dx.doi.org/10.1016/j.desal.2013.11.014
http://dx.doi.org/10.1016/j.seppur.2015.02.044
http://dx.doi.org/10.1016/j.seppur.2015.10.063
http://dx.doi.org/10.1016/j.memsci.2008.04.036
http://dx.doi.org/10.1021/es903623r
http://www.ncbi.nlm.nih.gov/pubmed/20151636
http://dx.doi.org/10.1016/j.memsci.2009.11.021
http://dx.doi.org/10.1016/j.watres.2016.09.031
http://www.ncbi.nlm.nih.gov/pubmed/27697688
http://dx.doi.org/10.3390/membranes7020030
http://www.ncbi.nlm.nih.gov/pubmed/28604649
http://dx.doi.org/10.1016/j.desal.2013.01.009
http://dx.doi.org/10.1016/j.biortech.2015.11.087
http://www.ncbi.nlm.nih.gov/pubmed/26700758


Int. J. Environ. Res. Public Health 2018, 15, 2124 11 of 11

24. Du, X.; Wang, Y.; Qu, F.; Li, K.; Liu, X.; Wang, Z.; Li, G.; Liang, H. Impact of bubbly flow in feed channel
of forward osmosis for wastewater treatment: Flux performance and biofouling. Chem. Eng. J. 2017, 316,
1047–1058. [CrossRef]

25. Flemming, H.-C.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623–633. [CrossRef] [PubMed]
26. Gao, Y.; Fang, Z.; Liang, P.; Huang, X. Direct concentration of municipal sewage by forward osmosis and

membrane fouling behavior. Bioresour. Technol. 2018, 247, 730–735. [CrossRef] [PubMed]
27. Boo, C.; Elimelech, M.; Hong, S. Fouling control in a forward osmosis process integrating seawater

desalination and wastewater reclamation. J. Membr. Sci. 2013, 444, 148–156. [CrossRef]
28. Yu, Y.; Lee, S.; Maeng, S.K. Forward osmosis membrane fouling and cleaning for wastewater reuse. J. Water

Reuse Desalin. 2017, 7, 111–120. [CrossRef]
29. Lv, L.; Xu, J.; Shan, B.; Gao, C. Concentration performance and cleaning strategy for controlling membrane

fouling during forward osmosis concentration of actual oily wastewater. J. Membr. Sci. 2017, 523, 15–23.
[CrossRef]

30. Bogler, A.; Lin, S.; Bar-Zeev, E. Biofouling of membrane distillation, forward osmosis and pressure retarded
osmosis: Principles, impacts and future directions. J. Membr. Sci. 2017, 542, 378–398. [CrossRef]

31. Nguyen, N.C.; Nguyen, H.T.; Chen, S.S.; Nguyen, N.T.; Li, C.W. Application of forward osmosis (FO) under
ultrasonication on sludge thickening of waste activated sludge. Water Sci. Technol. 2015, 72, 1301–1307. [CrossRef]
[PubMed]

32. Lee, S.; Shon, H.K.; Hong, S. Dewatering of activated sludge by forward osmosis (FO) with ultrasound for
fouling control. Desalination 2017, 421, 79–88. [CrossRef]

33. Valladares Linares, R.; Li, Z.; Yangali-Quintanilla, V.; Li, Q.; Amy, G. Cleaning protocol for a FO membrane
fouled in wastewater reuse. Desalin. Water Treat. 2013, 51, 4821–4824. [CrossRef]

34. Valladares Linares, R.; Li, Z.; Abu-Ghdaib, M.; Wei, C.-H.; Amy, G.; Vrouwenvelder, J.S. Water harvesting
from municipal wastewater via osmotic gradient: An evaluation of process performance. J. Membr. Sci. 2013,
447, 50–56. [CrossRef]

35. Yoon, H.; Baek, Y.; Yu, J.; Yoon, J. Biofouling occurrence process and its control in the forward osmosis.
Desalination 2013, 325, 30–36. [CrossRef]

36. Wang, Z.; Tang, J.; Zhu, C.; Dong, Y.; Wang, Q.; Wu, Z. Chemical cleaning protocols for thin film composite
(TFC) polyamide forward osmosis membranes used for municipal wastewater treatment. J. Membr. Sci. 2015,
475, 184–192. [CrossRef]

37. Porcelli, N.; Judd, S. Chemical cleaning of potable water membranes: A review. Sep. Purif. Technol. 2010, 71,
137–143. [CrossRef]

38. Xue, W.; Yamamoto, K.; Tobino, T. Membrane fouling and long-term performance of seawater-driven forward
osmosis for enrichment of nutrients in treated municipal wastewater. J. Membr. Sci. 2016, 499, 555–562.
[CrossRef]

39. Fujioka, T.; Khan, S.J.; Poussade, Y.; Drewes, J.E.; Nghiem, L.D. N-nitrosamine removal by reverse osmosis for
indirect potable water reuse—A critical review based on observations from laboratory-, pilot- and full-scale
studies. Sep. Purif. Technol. 2012, 98, 503–515. [CrossRef]

40. LeChevallier, M.W.; Cawthon, C.D.; Lee, R.G. Inactivation of biofilm bacteria. Appl. Environ. Microbiol. 1988,
54, 2492–2499. [PubMed]

41. Farhat, N.M.; Loubineaud, E.; Prest, E.I.E.C.; El-Chakhtoura, J.; Salles, C.; Bucs, S.S.; Trampé, J.; Van den
Broek, W.B.P.; Van Agtmaal, J.M.C.; Van Loosdrecht, M.C.M.; et al. Application of monochloramine for
wastewater reuse: Effect on biostability during transport and biofouling in RO membranes. J. Membr. Sci.
2018, 551, 243–253. [CrossRef]

42. Cho, B.D.; Fane, A.G. Fouling transients in nominally sub-critical flux operation of a membrane bioreactor.
J. Membr. Sci. 2002, 209, 391–403. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cej.2017.02.031
http://dx.doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
http://dx.doi.org/10.1016/j.biortech.2017.09.145
http://www.ncbi.nlm.nih.gov/pubmed/30060407
http://dx.doi.org/10.1016/j.memsci.2013.05.004
http://dx.doi.org/10.2166/wrd.2016.023
http://dx.doi.org/10.1016/j.memsci.2016.08.058
http://dx.doi.org/10.1016/j.memsci.2017.08.001
http://dx.doi.org/10.2166/wst.2015.341
http://www.ncbi.nlm.nih.gov/pubmed/26465299
http://dx.doi.org/10.1016/j.desal.2017.02.010
http://dx.doi.org/10.1080/19443994.2013.795345
http://dx.doi.org/10.1016/j.memsci.2013.07.018
http://dx.doi.org/10.1016/j.desal.2013.06.018
http://dx.doi.org/10.1016/j.memsci.2014.10.032
http://dx.doi.org/10.1016/j.seppur.2009.12.007
http://dx.doi.org/10.1016/j.memsci.2015.11.009
http://dx.doi.org/10.1016/j.seppur.2012.07.025
http://www.ncbi.nlm.nih.gov/pubmed/2849380
http://dx.doi.org/10.1016/j.memsci.2018.01.060
http://dx.doi.org/10.1016/S0376-7388(02)00321-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Membrane Treatment System 
	Experimental Protocol 
	Analysis 

	Results 
	Effect of Chloramination 
	Mechanisms of Flux Decline 
	Fouling Reversibility 

	Conclusions 
	References

